Introduction {#sec1}
============

Polypropylene (PP) is the second-most widely produced commodity plastic. It is used in a variety of applications because of its low cost, excellent mechanical properties, easy process, and recyclability.^[@ref1]−[@ref3]^ Due to its superior property and easy availability, PP has attracted many researchers and has been studied extensively in its pristine state as well as in composites using various fillers such as silica particles, clay, talc, calcium carbonate, mica, graphite particles, graphene, carbon black, and carbon nanotubes (CNTs) to meet the desired applications.^[@ref4]−[@ref10]^

The properties of PP are mainly governed by crystallinity induced by the orientation of methyl groups; thus, PP exists in different crystalline forms. Isotactic polypropylene (iPP) possesses the highest degree of crystallinity and shows superior properties due to the highly ordered arrangements of methyl groups. Due to this, iPP also exhibits a relatively high brittle point compared to the engineered plastics, which could limit its applications.

Addition of a plasticizer is one way to decrease the brittleness and improve the elasticity of the polymer. Plasticizers such as mineral oil, paraffin, or esters are commonly used to alter the polymer properties. However, use of the plasticizer can also lead to lower tensile strength and/or adversely affect other physical properties. The liquid plasticizers volatilize and oxidize under moderate to high temperatures, which can decrease the performance of the polymer over time. The plasticizers also have a major drawback of leaching out from the polymer on long-term use.^[@ref11]−[@ref13]^

The properties of the iPP can also be altered by controlling the crystalline phases and morphologies like monoclinic α phase, β phase, or γ phase under crystallization conditions. These crystalline phases induce different properties to the polymer.^[@ref14],[@ref15]^ Among these phases, the β-crystalline phase reduces the brittleness and improves the toughness of the polymer and also exhibits a low modulus of elasticity, higher ductility, and impact strength compared to the α phase.^[@ref15]−[@ref19]^ Thus, many researchers studied the β-nucleating efficiency and its effect on the crystallization behavior, melting characteristics, and mechanical properties.^[@ref20]−[@ref24]^

Molybdenum disulfide (MoS~2~) structures contain molybdenum atoms sandwiched between two layers of sulfur atoms. The bulk MoS~2~ is a multilayered structure of these 2D layers stacked together by weak van der Waals forces, and these layers can easily separate and slide under the friction shearing. Hence, MoS~2~ has a low friction coefficient and becomes an important solid lubricant in oils, coating, aviation, and aerospace.^[@ref25]−[@ref27]^ Because of its exciting properties, MoS~2~ is also combined with polymers to change crystallization behavior, to increase toughness, and to improve thermal stability and tribological properties.^[@ref28]^

In this work, the bulk MoS~2~ powder is directly used as the filler to prepare iPP-MoS~2~ composites, and the effect of MoS~2~ loading on the crystallization, thermal, and mechanical behavior is studied. The composites were successfully fabricated through a one-step melt extrusion method. A possible crystallization growth and crystallinity of the composites are presented in detail based on DSC and XRD studies. Furthermore, the mechanical performances of the iPP composites are investigated and discussed with respect to MoS~2~ loading.

Results and Discussion {#sec2}
======================

A general schematic illustration for the preparation of iPP-MoS~2~ composites is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Various amounts of multilayer bulk MoS~2~ were directly loaded into the iPP matrix, and the effect on the thermal and mechanical properties was studied.

![Overall Polymer Nanocomposite Preparation Method and the iPP-MoS~2~ Nanocomposite Film Preparation for Mechanical and Electron Microscope Studies](ao0c00419_0007){#sch1}

The Raman and ATR-FTIR spectra of iPP-MoS~2~ nanocomposites along with bulk MoS~2~ and pure iPP are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The stacked structure of bulk MoS~2~ was confirmed through the measurement of E^1^~2g~ and A~1g~ peak positions in the Raman spectra. The appearance of two characteristic peaks at 391 and 411 cm^--1^ corresponded to the E^1^~2g~ and A~1g~ vibrational modes of hexagonal MoS~2~, respectively.^[@ref29]^ The E^1^~2g~ mode related to the in-plane vibration, i.e., sulfur atoms in the opposite direction to the Mo atom, while the A~1g~ mode represents the out-of-plane vibration where the sulfur atoms are in the opposite direction.^[@ref30]^ In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, E^1^~2g~ and A~1g~ peaks of MoS~2~ in the nanocomposites shift by 20 cm^--1^ to the higher frequency and merged with the iPP peaks, which indicate the presence of few layers or exfoliated layers of MoS~2~.^[@ref31]^ The characteristic bands at 2963, 2902, 2879, and 2842 cm^--1^ in the iPP-MoS~2~ nanocomposites are mainly attributed to the symmetric and asymmetric vibration of CH~2~ and CH~3~ groups, corresponding to the alkyl chains of iPP. Furthermore, the C--S stretching in 710--570 cm^--1^ absorption does not appear in the composites indicating the lack of chemical bonding between iPP and MoS~2~. ATR-FTIR measurements of the composites are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, showing the major peaks related to both iPP and bulk MoS~2~ (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf)), and as expected, no new peaks appeared in the composites suggesting the physical mixing of iPP and MoS~2~.

![(a) Raman spectra of iPP and iPP-MoS~2~ hybrid composites and (b) Raman spectra of bulk hexagonal MoS~2~.](ao0c00419_0001){#fig1}

Complete thermograms from −50 to 200 °C for the iPP-MoS~2~ composites are presented in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf). Enlarged DSC thermograms of second heating and cooling cycles of iPP, MoS~2~, and their composites are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b, respectively. The area under the curve and peak position in DSC indicate the degree of crystallization of the polymer. It can be clearly observed that the peak position and areas of the melting and crystallization peaks increase with increasing MoS~2~ loading and shift to the right compared to those of the pure iPP. The increased areas of melting (enthalpy (Δ*H*~m~)) and crystallization peaks (enthalpy (Δ*H*~c~)) in the nanocomposites suggest the role of MoS~2~ as a nucleating agent in the matrix.

![Enlarged portion of DSC curves. (a) Second heating; (b) second cooling cycle of MoS~2~, iPP, and iPP-MoS~2~ hybrid composites; (c) comparing *T*~g~ curves of iPP and iPP-MoS2 hybrid composites; (d) correlation between the crystalline degree (%) and crystallization onset temperature and MoS~2~ weight fraction (%).](ao0c00419_0002){#fig2}

The degree of crystallinity is an important parameter to study the crystallization properties of the nanocomposites. The degree of crystallinity (*X*~c~, %) is calculated using the below equationwhere Δ*H*~m~ is the thermal enthalpy of the composite and Δ*H*~m~° is the thermal enthalpy for 100% crystalline polymer. The enthalpy of 100% crystalline isotactic polypropylene (iPP) (Δ*H*~m~°) is 207 J/g and is used as reference.^[@ref32]^

The degrees of crystallinity in the iPP-MoS~2~ nanocomposites determined from the experimental measurements using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The crystallization behavior of the polymer can be characterized by the onset temperature of the crystalline peak. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d presents the relationship between the onset crystallization temperature (*T*~onset~) and the MoS~2~ weight fraction. The onset crystallization temperatures in the iPP composites increase with increasing MoS~2~ loading from 127 to 133 °C. The composites showed a higher degree of crystallinity (%) when the weight fraction of MoS~2~ loading is lower than 0.5 wt %; however, the degree of crystallinity (%) varies irregularly with further increasing MoS~2~ loading. Moreover, the degree of crystallinity of the nanocomposites is obviously higher than that of the unfilled iPP at all MoS~2~ weight fractions. This suggests the heterogeneous nucleation role of MoS~2~ in the iPP matrix, resulting in the increase in the degree of crystallinity of the nanocomposites, specifically in the case of lower MoS~2~ (0.1--0.5) loading.

###### Melting Temperatures (*T*~m~), Fusion Enthalpies (Δ*H*~m~), Crystallization Temperatures (*T*~c~), and Degrees of Crystallinity (*X*~c**)**~ of iPP-MoS~2~ Nanocomposites

  nanocomposite     *T*~g~ (°C)   *T*~m~ (°C)   Δ*H*~m~ (cal/g)   *T*~c~ (°C)   Δ*H*~c~ (cal/g)   *X*~c~[a](#t1fn1){ref-type="table-fn"} (%)
  ----------------- ------------- ------------- ----------------- ------------- ----------------- --------------------------------------------
  iPP               --9.73        163.11        74.27             120.20        72.12             35.87
  iPP-MoS~2~-0.1    --9.11        163.43        78.24             120.60        76.77             37.8
  iPP-MoS~2~-0.25   --8.78        164.58        80.79             120.93        80.34             39.02
  iPP-MoS~2~-0.5    --9.81        164.44        83.82             120.12        80.96             40.49
  iPP-MoS~2~-1      --9.16        163.69        81.71             122.23        79.51             39.4
  iPP-MoS~2~-5      --9.35        164.79        80.89             126.24        82.14             39.07

Determined using the following equation: *X*~c~ (%) = Δ*H*~m~/Δ*H*~m~° × 100, where Δ*H*~m~° = 207 J/g is the theoretical enthalpy value for a 100% crystalline iPP.

Generally, the crystallization behavior of polymer-inorganic composites depends on the processing condition of the polymer (i.e., cooling rate) and the heterogeneous nucleation effect induced by the inorganic filler materials. The heterogeneous nucleation effect is closely related to the interaction between the fillers and the polymer matrix. Inorganic fillers at low concentration are relatively easy to disperse in the polymer matrix, and hence, at low concentration, the interaction between the filler and polymer is considerably high; this leads to an increase in the heterogeneous nucleation effect and increases the crystalline degree in the composites. However, when the concentration of the filler increased above a certain percentage, the uniform dispersion of fillers in the polymer matrix becomes difficult, and particles start to aggregate; thus, the interaction between the filler and the polymer matrix weakens and leads to the instability in the degree of crystallinity.

Interaction between the MoS~2~ and iPP matrix is also closely related to the size, specific surface area, and morphology of the MoS~2~. The specific surface area of the MoS~2~ at lower concentration improves the interaction with the polymer matrix and increases the crystallinity. It can be seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} that the degrees of crystallinity of the iPP-MoS~2~ composites increased with an increase in the MoS~2~ amount from 0.1 to 0.5 wt %; however, a further increase in the loading resulted in reduced crystallinity due to the agglomeration of MoS~2~ layers. The formation of β crystals was also observed when a lower amount of MoS~2~ was used (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf)), indicating the ability of MoS~2~ to form β crystals. The amount of β crystals was much lower than that of the α form and was completely absent when more than 0.5 wt % MoS~2~ was used, which could be due to the decrease in the heterogeneous nucleation at higher MoS~2~ loading. This result supports the increase in the iPP crystallinity at a low amount of MoS~2.~ Thus, a small amount of MoS~2~ is beneficial to control the total crystallization rate of the iPP-MoS~2~ composites. The glass transition temperatures of iPP-MoS~2~ nanocomposites are presented and reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Glass transition temperature did not show a significant change with MoS~2~ addition.

The effect of MoS~2~ on the crystallization behavior of the iPP was investigated by XRD. [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf) shows the comparison of pure MoS~2~ and iPP with the iPP-MoS~2~ composites. The highly crystalline multilayered structure of MoS~2~ displays a diffraction peak at 2θ = 14.4, 32.6, and 39.7, corresponding to the (002), (100), and (103) planes.^[@ref33]^ Similarly, iPP shows partially crystalline diffraction peaks at 2θ = 14.2, 17, and 19.1°, attributed to the α (110), α (040), and α (130) planes,^[@ref34]^ respectively. However, a new peak at 16° appeared in iPP-MoS~2~ composites with low MoS~2~ loading, assigned to the β (300) phase. The shift in the iPP peak position from 14.2 to 14.4° indicates the formation of the β phase.^[@ref34],[@ref35]^ Moreover, under the same processing conditions, iPP does not show the presence of the β phase and confirms the effective role of MoS~2~ as the β-nucleating agent. This result is also in good agreement with the shift in the melt transition of iPP-MoS~2~ composites with the addition of MoS~2~ in DSC. The other peaks of iPP-MoS~2~ composites are similar to those of iPP except the overlapping of the (002) MoS~2~ peak with the iPP (110) plane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Further, no noticeable diffraction peaks associated with the (100), (103), and (105) planes of MoS~2~ appear in the composites, implying the possible decrease in the stacking of MoS~2~ layers in the composites. This could be due to the partial exfoliation of the MoS~2~ layers during melt extrusion, which reduces the number of multilayer crystalline structures. Further, the XRD of the stretched part of iPP-MoS~2~ composites after the UTM test is also presented in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf) and shows destruction in the crystalline arrangement under applied stress. The major crystalline peaks of iPP disappeared after the stress--strain test, implying that the crystalline lamellar in the samples absorbed the applied stress and led to the elastic nature. Similarly, the intensities of the sharp crystalline peaks of MoS~2~ in the composites that also significantly reduced with respect to iPP crystalline peaks suggest the decrease in lamellar thickness of MoS~2~. A decrease in lamellar thickness also suggests the exfoliation of MoS~2~ layers under stress. However, in the samples with higher amounts of MoS~2~, the crystalline peaks that still appeared with high intensity indicate the aggregation and intact MoS~2~ layers.

![XRD patterns of pure iPP and iPP-MoS~2~ composites (expanded zone: scale 10--25°).](ao0c00419_0003){#fig3}

Mechanical properties of the composites mainly depend on the amount and dispersion of the fillers inside the polymer matrix. The effects of MoS~2~ on the mechanical properties like tensile strength, elongation at break, and toughness of the pristine iPP and the iPP-MoS~2~ nanocomposites are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, and the results are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf). Young's modulus calculated from the slope is given in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the stress--strain curves of pure iPP and iPP-MoS~2~ composites with various amounts of MoS~2~ loading. The results show that the iPP-MoS~2~ composites exhibit a significantly better performance than the pristine iPP. The composites with 0.25 and 0.5 wt % MoS~2~ loadings showed the highest elongation at break, without much decrease in tensile strength, clearly indicating the dramatic enhancement of toughness in the composites. The stress--strain profiles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) also revealed an up to 700--800% improvement in the elasticity of the iPP with low amounts of MoS~2~ (0.25--0.5 wt %) loading and the minimum elongation (41%) for 5 wt % MoS~2~. The digital images of the corresponding samples after the mechanical test are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and clearly suggest enhanced elastic properties of the samples with low amounts of MoS~2~. This can be related to the depletion of multilayer MoS~2~ under applied stress during the test. When stress is applied to the composites, the bulk MoS~2~ absorbs the stress and leads to the depletion of the multilayer structure due to the weak intermolecular interaction (van der Waals force of attraction) between MoS~2~ layers.^[@ref26],[@ref27],[@ref36]−[@ref39]^ Thus, the bulk MoS~2~ exfoliates in the polymer matrix and decreases the resistance to fracture when receiving external force and behaves as a solid lubricant. Moreover, the presence of the β phase confirmed from XRD also contributes to improving ductility of the iPP. Thus, the combined effect of exfoliation or depletion of MoS~2~ layers and the presence of the β phase can be attributed to the enhanced elasticity of the composites.

![Mechanical properties of iPP-MoS~2~ composites: (a) stress and strain (%) curves of iPP and iPP-MoS~2~ composites; (b) digital image of iPP-MoS~2~ composites after mechanical testing; (c) comparison of elongation at break and tensile strength at different MoS~2~ loading percentages; (d) toughness of iPP-MoS~2~ composites with respect to MoS~2~ loading calculated by the area under the stress--strain curves.](ao0c00419_0004){#fig4}

The ultimate tensile strength (UTS) of the composites slightly decreased for low-MoS~2~-loaded samples, i.e., 33.1, 32.68, and 32.26 MPa, for 0.1, 0.25, and 0.5 wt % MoS~2~, respectively. However, increasing MoS~2~ to 1 and 5 wt % resulted in increased strength to 35.6 and 37.6 MPa, respectively. Young's modulus calculated by measuring the slope at the linear region of the stress--strain curves (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf)) also shows a similar trend that the modulus decreased in low MoS~2~ loading and increased at high amounts of MoS~2~. The details of the mechanical properties measured for the composite samples are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf).

Toughness is the area under the stress vs strain curve determined by tensile testing^[@ref40]−[@ref42]^ and is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. The iPP-MoS~2~ composites with 0.25 and 0.5 wt % MoS~2~ showed higher resistance to break and showed high flexibility without a significant decrease in the tensile strength. However, this behavior was not observed in high-MoS~2~-loaded samples, which could be due to the aggregation of MoS~2~ sheets and the absence of the β phase. Aggregation of MoS~2~ layers can potentially reduce the exfoliation of layers and enhance the modulus (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf)).

The partial exfoliated structure of MoS~2~ in iPP composites was further supported by the TEM images in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The ultrathin sections obtained from microtome of iPP, iPP-MoS~2~-0.1, iPP-MoS~2~-0.25, iPP-MoS~2~-0.5, iPP-MoS~2~-1, and iPP-MoS~2~-5 are depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The TEM image of bulk MoS~2~ in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b shows the layer structure and ridges in the bulk MoS~2~, and the distance between layers was approximately 0.5 nm. However, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f, for iPP-MoS~2~ composites, the lamellar morphology of MoS~2~ nanosheets can be seen at lower concentration and is well dispersed. TEM images also show the bilayer or trilayer MoS~2~ nanosheets in the hybrid composites.^[@ref36],[@ref43]^ This could be due to the partial exfoliation of MoS~2~ layers under melt extrusion sheering and mixing conditions. It is clearly observed that most of the MoS~2~ with thin morphology are uniformly dispersed in the iPP matrix without significant aggregation when a low amount of MoS~2~ was used; however, increasing the amount of MoS~2~ resulted in the agglomeration of the multilayer structure (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f,j). All composites exhibited homogeneity, and no sign of phase separation was found. The combination of the selected area electron diffraction (SAED) pattern ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}k) confirms the presence of the MoS~2~ crystal lattice in the composites.

![TEM images of bulk MoS~2~, iPP, and iPP-MoS~2~ hybrid composites. (a,b) Bulk MoS~2~: MoS~2~ ridges and layer structure; (c) pure iPP; (d) iPP-MoS~2~-0.1 (exfoliated and intercalated structure); (e) iPP-MoS~2~-0.25 (exfoliated structure); (f) iPP-MoS~2~-0.5; (g) iPP-MoS~2~-0.5 (expanded zone); (h) iPP-MoS~2~-1; (i) iPP-MoS~2~-5; (j) iPP-MoS~2~-5 (expanded zone: high resolution of the expanded zone (inset), 10 nm); (k) iPP-MoS~2~-1 (single area diffraction pattern); (l) iPP-MoS~2~-1 (expanded zone: aggregated morphology).](ao0c00419_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the TGA curves of iPP and iPP-MoS~2~ composites, and the corresponding values are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The thermogram and DTG curves (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf)) of iPP and iPP-MoS~2~ composites show single-stage decomposition, and the bulk MoS~2~ is thermally stable up to 700 °C. Pure iPP initial degradation starts at around 394 °C, shows maximum degradation at 415 °C, and completely degrades at 485 °C. Meanwhile, thermal stability of the iPP-MoS~2~ nanocomposites increases with increasing MoS~2~ loading. Addition of a small amount of MoS~2~ (0.1 wt %) significantly improves the initial degradation also indicating the uniform dispersion of MoS~2~ in the matrix. Thermally stable MoS~2~ layers absorb the heat in the composites and increase the degradation temperature of iPP. The residues of iPP composites at 500 °C given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} are comparable with the initial feed ratio of MoS~2~ suggesting the complete incorporation of MoS~2~ during the extrusion process.

![TGA profiles of iPP and iPP-MoS~2~ nanocomposites.](ao0c00419_0006){#fig6}

###### Thermal Data of iPP-MoS~2~ Nanocomposites

  nanocomposite     *T*^1^~on~ (°C)   *T*^1^~end~ (°C)   *T*^1^~max~ (°C)   residue (500 °C)
  ----------------- ----------------- ------------------ ------------------ ------------------
  iPP               394.0             479.4              451.1              0.77
  iPP-MoS~2~-0.1    417.5             481.8              452.3              1.1
  iPP-MoS~2~-0.25   413.1             486.4              453.3              1.43
  iPP-MoS~2~-0.5    422.7             487.2              455.1              1.73
  iPP-MoS~2~-1      423.1             488.9              457.6              2.30
  iPP-MoS~2~-5      422.9             490.1              459.0              4.11

Conclusions {#sec3}
===========

Bulk MoS~2~ was used as a nanofiller to prepare iPP-MoS~2~ nanocomposites by a one-step melt extrusion process. The bulk MoS~2~ at low amounts of loading (0.25 to 0.5 wt %) in the iPP-MoS~2~ composites showed significant improvement in the toughness and elongation at break (300 to 400%) of the polymer. XRD confirmed the formation of the β-crystalline structure in the composites, and DSC revealed the nucleating properties of MoS~2~ at lower concentration. An increase in the toughness and elongation at break could be due to the formation of the β-crystalline structure and also due to the sliding or exfoliation of MoS~2~ layers under applied stress during the UTM test. TEM showed uniform dispersion of MoS~2~ in the iPP matrix. Addition of a small amount of MoS~2~ also improved the thermal stability of the polymer. The use of bulk MoS~2~ and one-step melt extrusion process could be a low-cost, scalable, simple method to achieve enhanced toughness and elongation in iPP.

Material and Methods {#sec4}
====================

Materials {#sec4.1}
---------

Bulk molybdenum disulfide (MoS~2~) was supplied by Composites Innovation Centre (CIC), Canada, and used without any modification. Isotactic polypropylene (iPP) with average *M*~n~ ∼97000 was obtained from Aldrich, USA. The polypropylene pellets were dried at 80 °C for 24 h in an air-circulated oven before extrusion.

Sample Preparation {#sec4.2}
------------------

The iPP-MoS~2~ composites were prepared by direct melt extrusion of MoS~2~ and iPP using a twin-screw Haake Minilab II extruder. Initially, iPP was melted above its melting point (190 °C) in the extruder, and to this, preweighed MoS~2~ was added gradually and allowed to mix for 30 min at 100 rpm speed. Later, the mixture was extruded through a rectangular-shaped die and allowed to cool naturally to room temperature. A similar procedure was also applied to prepared composites with varying MoS~2~ loadings (0.1 to 5 wt %). The extrudate was cut into small pieces and used to form dumbbell shapes through the injection molding process. Injection molding was carried out by using a Thermo Scientific Haake minijet pro injection molder. The injection molding parameters are as follows: melt temperature 190 °C, mold temperature 115 °C, injection pressure 500 bar, and cooling time in excess of 60 s. All of the molded samples have a similar thickness of approximately 2 mm. The schematic diagram for the preparation of composites is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The sample geometry used for the tensile testing is presented in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf). The samples were denoted as iPP-MoS~2~-*X*, where *X* represents the corresponding weight percentage of MoS~2~.

Characterization Methods {#sec4.3}
------------------------

Infrared spectra of iPP and iPP-MoS~2~ nanocomposites were recorded by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using a Bruker Vertex 70. Differential scanning calorimetry (DSC) analysis of the nanocomposite samples (5--10 mg) was carried out using a TA Discovery DSC at a heating rate of 10 °C/min in the temperature range between −50 and 200 °C under a nitrogen environment. Thermogravimetric analysis was done with a Discovery TGA by TA Instruments. Samples (5--10 mg) were heated from 25 to 700 °C under 30 mL/min N~2~ flow at a heating rate of 10 °C/min. The strength and plasticization effect of MoS~2~ reinforced isotactic polypropylene (iPP) composites were studied using an Instron 2519-107, USA, universal testing machine. Tests were carried out according to ASTM standards D638 using a 100 N load cell and 10 mm/min cross head speed. The specimens were thin rectangular strips (4× 27 × 2 mm of width, length, and thickness, respectively). Tensile strength, modulus, and elongation at break values correspond to the average of five samples. Diffraction (XRD) patterns were collected using an analytical X'Pert PRO powder diffractometer (Cu Kα radiation 1.5406 Å, 40 kV, 40 mA) in the range of 5--80° 2θ scale, with a step size of 0.02°~.~ Transmission electron microscopy (TEM) images were obtained using an FEI Tecnai G20 operated at 200 kV accelerating voltage to observe the nanoscale structures in the composites. Samples were ultra-microtomed in room-temperature conditions to prepare less than 100 nm-thick samples.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00419](https://pubs.acs.org/doi/10.1021/acsomega.0c00419?goto=supporting-info).Digital images of iPP and iPP-MoS~2~ nanocomposites before UTM study. ATR-FTIR measurement the bulk MoS~2~ powder. Second heating and cooling cycle DSC curves of iPP and iPP-MoS~2~ hybrid composites in the range of 30 to 200 °C. XRD patterns of bulk MoS~2~, pure iPP, and iPP-MoS~2~ nanocomposites from 2θ = 5 to 80°. XRD of the stretched portion of iPP-MoS~2~ nanocomposites after the UTM test. Young's moduli of composites at different loading percentages of MoS~2~. DTG curves of bulk MoS~2~ and nanocomposites. Table of mechanical properties of iPP and iPP-MoS~2~ nanocomposites ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00419/suppl_file/ao0c00419_si_001.pdf))
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